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This article reviews exposure information available for trichloroethylene (TCE) and assesses the
magnitude of human exposure. The primary sources releasing TCE into the environment are metal
cleaning and degreasing operations. Releases occur into all media but mostly into the air due to its
volatility. It is also moderately soluble in water and can leach from soils into groundwater. TCE has
commonly been found in ambient air, surface water, and groundwaters. The 1998 air levels in
pg/M3 across 115 monitors can be summarized as follows: range = 0.01-3.9, mean = 0.88. A
California survey of large water utilities in 1984 found a median concentration of 3.0 pg/L. General
population exposure to TCE occurs primarily by inhalation and water ingestion. Typical average daily
intakes have been estimated as 11-33 pg/day for inhalation and 2-20 pg/day for ingestion. A small
portion of the population is expected to have elevated exposures as a result of one or more of these
pathways: inhalation exposures to workers involved in degreasing operations, ingestion and
inhalation exposures occurring in homes with private wells located near disposal/contamination
sites, and inhalation exposures to consumers using TCE products in areas of poor ventilation. More
current and more extensive data on TCE levels in indoor air, water, and soil are needed to better
characterize the distribution of background exposures in the general population and elevated
exposures in special subpopulations. Key words: exposure assessment, TCE, trichloroethylene.
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Purpose
This article reviews exposure information
available for trichloroethylene (TCE) and
assesses the magnitude of human exposure.
Background information is provided on TCE
sources, environmental fate, and levels in the
environment and people. The results include
findings on exposure pathways, potentially
exposed populations, range of estimated
exposures, and associated uncertainties.
Background
Sources
Releases ofTCE into the environment occur
during its manufacture, use, and disposal. The
major use ofTCE is as a degreaser for metal
cleaning operations. It is also used as a paint
stripper, adhesive solvent, ingredient in paints
and varnishes, and in the manufacture of
organic chemicals. Releases from nonanthro-
pogenic activities are negligible, although TCE
can be created by one red microalga and in
temperate, subtropical, and tropical algae (1).
Most TCE used in the United States is
released to the atmosphere from vapor
degreasing operations (2). Releases to air also
occur at sewage treatment and disposal facili-
ties, water treatment facilities, and landfills
(2). TCE has been detected in stack emis-
sions from municipal and hazardous waste
incinerators and it could be released to sur-
face waters from industrial discharges of
wastewater streams as well as to groundwater
via leaching from landfills (2).
Table 1 reports the releases ofTCE for
years 1987-1994 on the basis of the U.S.
Environmental Protections Agency's (U.S.
EPA) Toxic Release Inventory (3). The
releases have ranged from 55.6 million
pounds in 1987 down to 29.9 million
pounds in 1994. The table shows that TCE
releases to the air dominate over other types
and that total releases have generally declined
since 1987.
Environmental Fate
In terrestrial environments, the dominant
fate of TCE released to surface soils is
volatilization to the air. Because ofits moder-
ate water solubility, TCE introduced into
soil (e.g., landfills) has the potential to
migrate through the soil into groundwater.
The relatively frequent detection ofTCE in
groundwater confirms its mobility in soils.
Biodegradation in soil and groundwater is
thought to be slow (half-life on the order of
months to years) (4).
Because of its high vapor pressure, TCE
in the atmosphere is expected to be present
primarily in the vapor phase rather than
sorbed to particulates. Some removal by scav-
enging during wet precipitation is expected
because ofthe moderate solubility ofTCE in
water (1.1 g/L). The major degradation
process affecting vapor-phase TCE is photo-
oxidation by hydroxyl radicals (half-life on
the order of 1-11 days) (5).
The dominant fate of TCE released to
surface waters is volatilization (predicted half-
life of minutes to hours). Bioconcentration,
biodegradation, and sorption to sediments
and suspended solids are not thought to be
significant (5).
ExposureMediaConcentrations
TCE has been detected in the air through-
out the United States. The ambient air mea-
surement data for TCE were obtained from
the Aerometric Information Retrieval
System (AIRS) using the AIRS website:
http://www.epa.gov/airsdata (6). These data
were collected from avariety ofsources includ-
ing state and local environmental agencies and
cover the years 1985-1998. They represent
about 1,200 measurements from 25 states.
The most recent data (1998) come from 115
monitors located in 14 states. The 1998 air
levels in fig/m3 across all 115 monitors can be
summarized as follows: range = 0.01-3.9;
mean = 0.88, 50th percentile = 0.32 and 90th
percentile = 1.76. Table 2 summarizes the data
by year, showing the average and number of
samples. Relatively few samples were collected
in 1985 and 1986, but each year after 1986 is
represented by at least 50 samples. The data
suggest a general downward trend from about
1.5 pg/m3 in the late 1980s to 0.8 pg/m3 in
the late 1990s. Table 3 shows the monitoring
data organized by land setting (rural, subur-
ban, or urban) and land use (agricultural, com-
mercial, forest, industrial, mobile, and
residential). Urban air levels are about 3 times
higher than rural areas. Among the land use
categories, TCE levels are highest in commer-
cial/industrial areas andlowest in forest areas.
TCE ambient air concentrations in 1990
were modeled for all census tracts ofthe conti-
nental United States as part ofthe U.S. EPA
Cumulative Exposure Project (CEP, see
www.epa.govicumulativeexposure/air/air.htm)
(7). A variety ofsources were used to obtain
emissions data and the air modeling was done
using a Gaussian dispersion model. Table 4
shows the distribution of modeled TCE
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Table 1. Annual releases oftrichloroethylene in the United States (Ib/year).
Number of Fugitive Stack Surface Underground Land POTW Other
Year reporting facilities air releases air releases water releases injection disposal transfer transfers Total
1987 959 25,978,879 29,436,952 30,104 18,720 56,733 130,178 11,689,590 67,341,156
1988 951 26,168,126 29,759,510 13,801 390 21,186 85,652 6,509,867 62,558,532
1989 899 22,629,351 27,054,328 15,849 390 8,686 31,519 4,962,054 54,702,177
1990 807 19,030,377 20,900,640 14,285 805 12,554 11,949 3,879,599 43,850,209
1991 724 17,078,485 18,860,997 12,784 800 62,991 73,195 10,625,967 46,715,219
1992 681 15,585,757 14,866,100 8,606 466 20,726 70,149 9,807,719 40,359,523
1993 790 14,524,316 15,939,964 5,220 460 8,212 42,987 10,143,591 40,664,750
1994 783 14,788,788 15,083,085 1,671 288 4,417 50,325 12,307,585 42,236,159
POTW, public-owned transport works. Data from U.S. EPA(3).
Table 2. Mean TCE air levels across monitors byyear.8
1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998
Mean concen- 1.4 1.39 1.68 4.87 1.69 1.84 2.86 1.37 1.12 0.95 0.78 0.65 0.74 0.88
tration (pg/m3)
n 11 21 53 57 96 59 70 76 84 89 146 150 129 115
a1 ppb= 5.36pg/mrn3
Table3. Mean TCE air levels across monitors by land setting and use(1985-1998).a
Rural Suburban Urban Agricultural Commercial Forest Industrial Mobile Residential
Mean concen- 0.42 1.26 1.61 1.08 1.84 0.1 1.54 1.5 0.89
tration (pg/m3)
n 93 500 558 31 430 17 186 39 450
'1 ppb= 5.36 pg/mn3
Table 4. Modeled TCE airconcentrations in continental United States for 1990.a
25th 50th 75th 95th Overall Urban
Percentile Percentile Percentile Percentile Maximum mean mean
Concentration (pg/m3) 0.13 0.24 0.45 1.1 32 0.37 0.5
'1 ppb =5.36pg/m3
ambient air concentrations across the conti-
nental United States. The modeling suggests
that 97% ofthe census tracts have TCE con-
centrations ranging from 0 to 1.5 gg/m3. The
average level was estimated as 0.37 jig/m3 and
the maximum as 32 jig/m3. The averages and
percentiles are better interpreted as population-
weighted values than spatial averages because
all census tracts have roughly equal popula-
tions but are more variable in geographic area.
Figure 1 is a map ofthe CEP-modeled TCE
air concentrations in NewJersey. The average
across all population tracts in the state is 0.5
pg/m3. The map indicates, however, that the
vast majority ofthe state, on an area basis, has
levels under 0.5 pg/m3. Relatively high levels
(generally 1-12 pg/m3) were estimated for the
densely populated areas around Camden and
Newark-Paterson. The highest levels (up to 30
pg/m3) were estimated for a few (presumably
industrial) sectors within these areas. The CEP
data suggest that this pattern (i.e., generally
low TCE levels in rural areas, moderate levels
in urban areas, andhighestlevels in small com-
mercial/industrial sectors) is common across
most states. The monitoring data, as discussed
earlier, also suggest that this is the general
pattern across the country.
These modeled values should be inter-
preted with caution. Clearly they are not as
reliable as measured values for specific loca-
tions. As discussed earlier, the AIRS data
show an average for 1990 across 59 monitor-
ing stations of 1.84 pg/m3. This is much
higher than the national average from CEP of
0.37 pg/m3. An important difference,
though, is that the CEP estimate represents
all areas of the continental United States,
whereas the 1990 AIRS data for TCE repre-
sent only 59 monitors located in eight states.
CEP compared modeled estimates with mea-
sured values in the same locations and found
that for most chemicals, agreement was usu-
ally within a factor of3, with underestimates
being more common than overestimates.
More variability, however, was found in the
model-monitor comparisons for TCE than
for other HAPs (hazardous air pollutants). In
addition, the tendency for underestimation
observed for other HAPs was not seen for
TCE. The TCE model-monitor comparisons
can be summarized as follows: model-moni-
tor comparisons were made at 57 monitoring
sites; the median ofthe model-monitor ratios
was 0.76; arithmetic mean ratio = 2.33; geo-
metric mean ratio = 1.02; 53% ofratios were
less than 1.0; 51% were within a factor of3
(i.e., within the range of 0.33-3.0); 19%
were less than 0.33; and 30% were greater
than 3.0.
TCE has been measured in rain, surface
waters, groundwater, drinking water, and
sea water (Table 5). According to the
International Agency for Research on
Cancer (IARC) (1), the reported median
concentrations of TCE during 1983-1984
were 0.5 pg/L in industrial effluents and 0.1
tug/L in surface water. Results from an analy-
sis of the U.S. EPA STORET database (8)
(1980-1982) showed that TCE was detected
in 28% of9,295 surface water reporting sta-
tions nationwide (2). The Agency for Toxic
Substances and Disease Registry (ATSDR)
(2) has indicated that TCE is the most fre-
quently reported organic contaminant in
groundwater and has estimated that between
9 and 34% of the drinking water supplies
tested in the United States may have some
TCE contamination (2). The U.S. EPA
Office ofGroundwater and Drinking Water
reported that most water supplies are in com-
pliance with the maximum contaminant level
(maximum contaminant level [MCL], 5
pg/L) and that only 407 samples out ofmany
thousands taken from community and other
water supplies throughout the country over
the past 11 years (1987-1997) have exceeded
the MCLlimit forTCE (9).
TCE concentrations in groundwater have
been measured extensively in California. The
data were derived from a survey oflarge water
utilities (i.e., utilities with more than 200 ser-
vice connections). The survey was conducted
by the California Department of Health
Services (10). From January 1984 through
December 1985, wells in 819 water systems
were sampled for organic chemical contami-
nation. The watersystems use a total of5,550
wells, 2,947 ofwhich were sampled. TCE
was found in 187 wells at concentrations up
to 440 pg/L, with a median concentration of
3.0 pg/L. Generally, the most contaminated
wells and the wells with the highest concen-
trations were found in the heavily urbanized
areas ofthe state. Los Angeles County regis-
tered the greatest number ofcontaminated
wells-149.
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Figure 1. Modeled TCE levels in airfrom cumulative exposure project bycensus tract, NewJersey(pg/m3).
Inset
TCE has been reported in marine sedi-
ments, marine invertebrates, marine mam-
mals, foods, mother's milk, and human urine
and blood (1,5). TCE was found in sediment
and marine animal tissue collected in
1980-1981 near the discharge zone ofa Los
Angeles County waste treatment plant.
Concentrations were 17 pg/L in the effluent,
< 0.5 pg/kg in dry weight in sediment, and
0.3-7 pg/kg wet weight in various marine
animal tissues (1). TCE also has been found
in foods in the United States and the United
Kingdom. Based on limited surveys, theTCE
levels found in U.S. food were 0.9 pg/kg in
grain-based foods, 1.8 g/kg in table-ready
foods, 73.6 pg/kg in butter and margarine,
0.5 pg/kg in peanut butter, 3.0 pg/kg in
ready-to-eat cereals, 1.3 pg/kg in highly
processed foods, and 3.8 pg/kg in cheese
products (1).
Concentrtions inHumans
Measurements ofhuman bodyburdensprovide
a useful supplement to environmental moni-
toring for purposes ofcharacterizing human
exposure. Some environmental monitoring
data, however, may not be representative of
actual exposures. For example, ambient air
monitors are fixed units typically located on
top ofbuildings and do not directly sample
the air that a person actually breathes
Table 5.TCE levels in water(pg/L).
Numberof
Watertpe Location Year Mean Median Range samples Ref.
Industialeffuent U.S. 83 0.5
Rainwaer Portland.OR 84 0.006 0.002-0.02 125)
NJ 76 < 1530 (27)
PA 80 <27300 (27)
MA76, <gm, (27)
U.S 77 0 53lZ
'ft -~~~~~~A NJ 84-85 23.4 Maximum67 1,130 (28)
CA 84 66 486 (17)
NDO84 5 48 t 17A
.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~g ....
throughout a day. Also, environmental
monitoring does not represent all pathways by
which exposure can occur, i.e., indoor air
inhalation, smoking, food ingestion, etc.
Biological monitoring studies have detected
TCE in human blood and urine in the United
States and other countries such as Croatia,
China, Switzerland, and Germany (1). TCE
has been most frequently detected in persons
exposed through occupational degreasing
operations (1). In 1982, TCE was detected in
eight of eight human breast milk samples
from four U.S. urban areas (2,5). The Third
National Health and Nutrition Examination
Survey (NHANES III) examined TCE con-
centrations in blood from 677 nonoccupa-
tionally exposed individuals (11). The
individuals were selected to represent a range
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ofpopulation characteristics such as age, race,
gender, and region ofresidence. The samples
were collected during 1988-1994. TCE levels
in whole blood were below the detection limit
of 0.01 jig/L for about 90% of the people
sampled (Table 6). Assuming that nondetects
equal halfofthe detection limit, the mean
concentration was 0.017 pg/L (11).
Results
GeneralPopulation ExposureLevels
The 1998 AIRS monitoring data indicate a
mean outdoor air level of0.88 pg/m3. Using
this value and an inhalation rate of 20 m3
air/day yields an exposure estimate of 18
pg/day. This is consistent with ATSDR (2),
which reported an average daily air intake for
the general population of 11-33 pg/day. The
California survey oflarge water utilities in
1984 found a median concentration of 3.0
pg/L (10). Using this value and a 2 L/day
water consumption rate yields an estimate of
6 pg/day. This is consistentwithATSDR (2),
which reported an average daily water intake
for the general population of2-20 pg/day.
The use ofambient air data to estimate
inhalation exposure does not account for pos-
sible differences between contaminant levels
in indoor versus outdoor air. TCE readily
volatilizes from water and indoor inhalation
exposure may be comparable to or greater
than ingestion exposures in homes where the
water supply contains TCE (2,12-15). For
example, in two homes using well water with
TCE levels averaging 22-128 pg/L, the TCE
levels in bathroom air ranged from < 0.5 to
40 mg/m3 when the shower was run less than
30 min (13). In one study, the transfer of
TCE from shower water to air had a mean
efficiency of61% (independent ofwater tem-
perature); it was concluded that a 10-min
shower in TCE-contaminated water could
result in a daily inhalation exposure compara-
ble to that expected from drinking TCE-
contaminated tap water (2). Indoor use of
TCE-containing products can also contribute
to exposures. Wallace et al. (16) concluded
that indoor air contributes more to overall
TCE exposure than outdoor air. This was
based on monitoring ofexpired breath of190
people in New Jersey. This is also indicated
in the TEAM (Total Exposure Assessment
Methodology) Study (17), which shows, for
example, that the ratio ofthe indoor to out-
door TCE concentration for Greensboro,
North Carolina, was about 5:1. Accordingly,
ambient air-based exposure estimates proba-
bly underrepresent total inhalation exposures.
TCE in bathing water can also cause
dermal exposure. A modeling study has sug-
gested that a significant fraction ofthe total
dose associated with exposure to volatile
organics in drinking water results from
dermal absorption (18).
Pharmacokinetic modeling can be used to
gain further understanding ofgeneral popula-
tion exposure. Clewell et al. (19) developed a
physiologically based pharmacokinetic model
for TCE that can be used to estimate the long-
term average inhaled air concentration that
would result in a measured blood concentra-
tion, assuming no other TCE exposure. The
model can also estimate the long-term average
ingested dose that would result in a measured
blood concentration, assuming no other TCE
exposure. This dose can be converted to aTCE
water concentration assuming an ingestion rate
such as 2 L/day. Foreach ofthese exposure sce-
narios, the model also provides the correspond-
ing concentrations oftrichloroacetic acid and
dichloroacetic acid in blood and the amount of
TCE metabolized per day. This model was
applied to the range ofTCE levels in blood as
measured in NHANES III. Table 7 shows the
resulting exposure estimates corresponding to
the range ofTCE blood levels. The TCE envi-
ronmental concentrations modeled from blood
levels exceeded the rangeofmeasuredvalues for
air and water: modeled mean concentration in
drinking water was 59.5 Ig/L (measured range
was trace to 50 gg/L) and the modeled mean
air concentration was 4.2 pg/m3 (measured
range was for 0.01-3.9 pg/m3). This implies
that neither inhalation nor water ingestion
dominate exposure; rather both contribute to
the total exposure. Exposure estimates derived
from blood cannot distinguish among expo-
Table 6. TCE levels in whole blood by population percentile.a
Percentile
10 20 30 40 50 60 70 80 90
Concentration (pg/L) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.012
8Nondetects assumed equal to halfthe detection limit 10.01 pg/L). Data from IARC I1) and Ashley(11).
Table 7. Modeled exposure estimates forTCE.
Air concentration Ingested dose Water concentration
(pg/mr3) (pg/kg-day) (pg/L)
10th Percentile blood level (0.005 pg/L) 1.25 0.5 17.5
90th Percentile blood level (0.012 pg/L) 3.0 1.2 42.0
Mean blood level (0.017 pg/L) 4.3 1.7 59.5
sure routes and sources. It is generally believed
that TCE exposure occurs primarily via water
consumption and air inhalation, but it is
impossible to use the blood data to directly
estimate how much ofthe total exposure is
attributable to each. Awide range ofcombina-
tions ofexposures from air and water could
have produced the measured blood levels. As
noted earlier, most water supplies have TCE
levels under the MCL of5 pg/L. The model-
ing suggests that exposure at the MCL would
correspond to a very low blood level. This
implies that the TCE exposure via the air and
other nonwater pathways may generally be
more importantthanwateringestion.
ExtentofGeneralPopulation Exposure
Because of the pervasiveness ofTCE in the
environment, most people are likely to have
some exposure via one or more ofthe follow-
ing pathways: ingestion of drinking water,
inhalation ofambient air, or ingestion offood
(2). As noted earlier, the NHANES III survey
suggests that about 10% of the population
has detectable levels ofTCE in blood. The
exposures in these individuals may be higher
than those in others in the general population
as a result of a number of factors. As dis-
cussed below, some occupations and the use
of certain consumer products can cause
increased TCE exposure via inhalation. In
addition, some members ofthe general popu-
lation may have increased TCE exposure via
their drinking water. The extent of TCE
exposure via drinkingwater is difficult to esti-
mate, but the following discussion provides
some perspective on this issue.
TCE is the most frequently reported
organic contaminant in groundwater (2);
93% of the public water systems in the
United States obtain water from groundwater
(20) and between 9 and 34% ofthe drinking
water supply sources tested in the United
States may have some TCE contamination
(2). Although commonly detected in water
supplies, the levels are generally low, since, as
discussed earlier, MCL violations for TCE in
public water supplies are relatively rare for
any extended period (9). Private wells, how-
ever, are often not closely monitored and if
located near TCE disposal/contamination
sites where leaching occurs, may have unde-
tected contamination levels. About 10% of
Americans (27 million people) obtain water
from sources other than publicwater systems,
primarily private wells (20). TCE is a com-
mon contaminant at Superfund sites. It has
been identified in at least 852 ofthe 1,416
hazardous waste sites (848 in the United
States and 4 in Puerto Rico) proposed for
inclusion on the U.S. EPA National Priorities
List (NPL) (2). Studies have shown that
many people live near these sites: 41 million
people live less than 4 miles from one or more
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of the nation's NPL sites, and on average
3,325 people live within 1 mile ofany given
NPL site (21). Thus, although exact esti-
mates cannot be made, many people are
probably exposed to TCE via drinking water
from private wells. It is not known how often
such exposures would be above the MCL.
SpecialPopulation Exposure
ATSDR (2) has reported that TCE exposures
may be elevated for people living near waste
facilities, residents ofsome urban or industri-
alized areas, and people exposed at work. As
noted above, populations residing near haz-
ardous waste sites might experience exposures
to TCE higher than the average for the
general population.
Occupational exposure to TCE in the
United States has been identified in various
degreasing operations, silk screening, taxi-
dermy, and electronic cleaning (1). The
National Institute for Occupational Safety and
Health conducted a survey ofvarious indus-
tries from 1981 to 1983 and estimated that
approximately 401,000 U.S. employees in
23,225 plants are potentially exposed to TCE
(1,2). Time-weighted average concentrations
from personal monitoring ranged from 1.2 to
5.1 ppm (7,059-30,000 mg/m3) at individual
industrial siteswhereTCEwas used (2).
Inhalation exposure may be elevated for
individuals using products containing TCE
in areas with poor ventilation (2). These
products include wood stains, varnishes, fin-
ishes, lubricants, adhesives, typewriter correc-
tion fluids, paint removers, and cleaners (2).
Use ofTCE, however, has been discontinued
in some consumer products (i.e., as an inhala-
tion anesthetic, fumigant, and extractant for
decaffeinating coffee) (2).
Because TCE has been detected in breast
milksamples ofthe general population, infants
who ingest breast milk may be exposed. Also,
since TCE can be present in soil, children may
be exposed through activities such as playing
in or ingesting soil.
Discussion
The current data suggest that TCE exposure is
widespread, but it is unclear how often the
aggregate exposures across all pathways reach
levels of concern. More current and more
extensive data are needed to bettercharacterize
the full distribution ofbackground exposures
in the general population and elevated
exposures in special subpopulations.
Specifically more data are needed on the levels
ofTCE in private wells, indoor air, soil, food,
blood across all ages, and mother's milk.
TCE metabolites and other parent
compounds that produce the same metabo-
lites can cause health effects similar to TCE.
Ideally a complete risk assessment should con-
sider the potential for additive impacts of
these compounds. The primary metabolites of
trichloroethylene include: dichlorovinyl-
cysteine, trichlorovinylcysteine, chloral, chlo-
ral hydrate, trichloroacetic acid, dichloroacetic
acid, and monochloroacetic acid. The primary
parent compounds that produce the same
metabolites as trichloroethylene include: tetra-
chloroethylene (PCE), methyl chloroform,
1,1,1,2-tetrachloroethane, cis-1,2-dichloro-
ethylene, trans-1,2-dichloroethylene, 1,2-
dichloroethylene, and 1,1-dichloroethane.
The parent compounds are used in a wide
variety ofmanufacturing industries as sol-
vents, extractants, textile dry cleaners, metal
degreasers, insulating fluids/coolants, and
chemical intermediates. The metabolites have
more restricted uses as chemical intermediates,
herbicides, and pharmaceuticals. Relatively lit-
tle information is available for most ofthese
compounds in regard to environmental levels
and exposure. The exceptions are PCE and
1,1,1-trichloroethane, which have been rea-
sonably well studied. Like TCE, these two
compounds are commonly found in air and
water and cause exposure by inhalation and
ingestion (1,22-24). Thus, background expo-
sure to these related compounds may influ-
ence the effect ofsmall incremental exposures
ofTCE. This issue should be considered in
quantitative dose-response analyses.
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